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SHIPBOARD  MEASUREMENT  OF 
CLOUD  BASES  AND  AVERAGE  SURFACE  VISIBILITY 
WITH  AN  EYE-SAFE  LIDAR 


INTRODUCTION 

An  eye-safe  lidar  operated  by  Warner  [1]  is  measuring  cioud-base  height  and  estimating  visibility 
along  airplane  glide  paths  at  the  Munich-Riem  airport.  Similar  shipboard  measurements  would  be  use¬ 
ful  for  the  Navy,  but  questions  about  lidar  capabilities  must  be  answered.  Can  a  lidar  routinely  make 
measurements  from  a  ship?  An  ocean-going  ship  exposes  deck  equipment  to  a  harsh  environment  of 
salt  spray  and  vibration.  Can  a  lidar  operate  at  sea  for  an  extended  period  without  intensive  mainte¬ 
nance?  At  NRL  we  conducted  4  weeks  of  shipboard  tests  with  a  lidar  similar  to  Warner's  and  provided 
some  answers  to  these  questions. 

The  NRL  lidar  uses  a  laser  diode  and  a  silicon  avalanche  photodiode  for  light  emission  and  detec¬ 
tion.  They  are  extremely  reliable,  have  minimum  power  requirements,  and  can  be  easily  interfaced 
with  electronics.  Unfortunately,  the  spectral  width  of  the  laser  diode  is  considerably  wider  than  the 
width  of  most  lasers  that  are  used  by  lidars.  Only  a  small  contrast  exists  between  the  background  sun¬ 
light  and  light  from  the  laser  diode;  therefore,  the  resulting  signal  to  sky  noise  ratio  is  small.  During 
data  acquisition,  the  NRL  lidar  averages  the  lidar  returns  to  increase  this  ratio;  nevertheless,  this  ratio 
is  too  small  to  allow  Klett’s  [2]  analytical  method  to  be  used.  Instead,  approximate  methods  are  neces¬ 
sary  to  analyze  lidar  returns.  In  this  report,  a  simple  model  estimates  the  average  visibility  in  the  sur¬ 
face  layer. 

Lidars  that  are  not  eye  safe  require  extensive  safeguards.  These  safeguards  restrict  hazardous 
lidars  to  controlled  areas  where  air  traffic  is  limited.  The  maximum  permissible  light  intensity  in  an 
eye-safe  laser  beam  increases  dramatically  as  the  wavelength  changes  from  the  visible  (X  <  0.7  fim )  to 
the  far  infrared  (X  >  1.4  /*m).  Eye-safe  lidars  operating  in  the  far  infrared  achieve  the  highest  possible 
signal-to-noise  ratio.  Unfortunately,  most  lasers  presently  used  operate  in  the  visible  and  near  infrared. 
Expanding  the  beams  from  these  lasers  reduces  the  light  intensity  to  eye-safe  levels.  While  a  large 
expansion  is  difficult  for  narrow-beam  lasers,  it  is  easier  for  laser  diodes  which  have  a  large  beam  diver¬ 
gence.  To  achieve  eye  safety,  the  laser  beam  for  the  NRL  lidar  has  an  initial  diameter  of  12  cm. 

The  characteristics  of  the  NRL  lidar  contrast  strongly  with  the  lidar  (visioceilometer)  developed 
by  Lentz  [3]  at  the  U.S.  Army  Atmospheric  Sciences  Laboratory.  The  NRL  lidar  occupies  1  m3  and 
weights  100  kg;  the  visioceilometer  is  about  18  cm3  and  weights  less  than  4  kg.  The  visioceilometer 
analytically  inverts  the  lidar  return;  the  NRL  lidar  uses  approximate  techniques.  The  small  optics  of  the 
visioceilometer  (>2  cm)  differ  from  the  large  optics  of  the  NRL  lidar  and  require  careful  alignment. 
The  NRL  lidar  is  not  sealed  like  the  visioceilometer  and  is  repairable  at  sea.  For  shipboard  applications, 
advantages  and  disadvantages  of  these  instruments  (or  similar  instruments)  can  best  be  discovered  by 
oceanographic  tests. 

EQUIPMENT  DESCRIPTION 

The  NRL  lidar,  originally  built  by  Sperry  Rand  [4]  to  measure  visibility  and  cloud-base  heights, 
has  been  modified  by  personnel  in  the  Atmospheric  Physics  Branch  for  use  in  field  experiments.  The 
lidar  is  coaxial,  with  the  transmitter  mounted  in  the  center  of  the  receiving  optics.  Figs.  1  and  2. 

Manuscript  approved  February  6,  1984. 
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Fig.  1  —  This  schematic  outlines  the  Mar  system.  At  the  top  is  the  Mar.  The  bottom  shows  the  oscilloscope, 
computer,  and  floppy  disk  drive  used  for  date  acquisition.  The  dashed  line  marks  the  path  of  the  transmitted 
light;  the  dotted  line  illustrates  the  path  of  the  light  backscattered  to  the  receiver.  The  line  between  the  receiver 
and  oscilloscope  represents  a  coaxial  line.  An  IEE-48  bus  connects  the  oscilloscope,  computer,  and  floppy  disk 
drive. 

R-1089 


Fig.  2  -  This  photograph  shows  the  NRL  lidar.  The  transmitter  is  in 
the  center.  The  collecting  optics  encircle  the  transmitter.  The  box  on 
the  left-hand  side  houses  controls  that  allow  the  elevation  angle  of  the 
lidar  to  be  changed. 
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Simplicity  and  vibration  resistance  are  provided  by  the  solid-state  transmitter  and  receiver  sensors 
(Table  1).  Fresnel  optics  used  in  the  transmitter  and  receiver  are  inexpensive  and  lightweight  but 
difficult  to  clean. 


Table  1  -  NRL  lidar 


Transmitter 
Laser . 

Wavelength . 

Spectral  Width . 

Output  Energy . 

Pulse  Duration . 

Pulse  Repetition  Rate 

Lens  Diameter  . 

Beam  Divergence . 


48  element  GaAs  diode  array 
(Laser  Diode  Lab  LD-235) 
904  nm 
3.5  nm 

400  W  (2E-5  J/pulse) 

50  ns 
2  kHz 
12.7  cm 
20  mrad 


Receiver 

Detector . 

Responsivity . 

Spectral  Bandwidth 

Lens  Diameter  . 

Field  of  View  . 


Silicon  avalanche  photodiode 
(General  Electric  LE-103B) 


3.3E+5  V/W 
10  nm 
43.2  cm 
50  mrad 


Data  Acquisition 

Amplifier . 

Waveform  Averager 

Processor  . 

Storage  . 


Linear  (50  dB) 

Tektronix  7854 
HP-85 

5-1/2-in.  (14-cm)  floppy  disk 


Complete  Unit 


Weight  . 113  kg  (250  lb) 

Size  . 91  cm  —  width 

106  cm  —  length 
66  cm  —  height 


A  few  critical  modifications  were  necessary  to  allow  the  instrument  to  measure  visibility  and 
cloud-base  height  Optical  fibers  coupled  the  original  lasers  to  the  collimating  lens.  These  lasers  and 
fibers  have  been  replaced  by  a  small  integrated  GaAs  array  made  by  Laser  Diode  Laboratory.  The 
receiver  amplifier  was  replaced  by  high-speed  operational  amplifiers,  improving  the  bandpass  and 
dynamic  range.  The  original  water-damaged  sky  filter  was  also  replaced. 

The  laser  transmits  2000  light  pulses  a  second  at  a  wavelength  of  904  nm.  Each  pulse  is  50  ns  in 
duration,  with  400  W  peak  power.  The  transmitted  light  is  collimated  by  a  Fresnel  objective  lens  12.7 
cm  in  diameter  into  a  beam  with  a  20-mrad  divergence.  Since  the  spectral  bandwidth  of  3.5  nm  is  con¬ 
siderably  broader  than  most  typical  narrow-bandwidth  lasers,  the  lidar  suffers  from  considerably  more 
sky  noise. 

A  Fresnel  lens  40  cm  in  diameter  collects  the  scattered  light  for  the  receiver.  Two  simple 
uncoated  lenses  collimate  the  light  through  a  10-nm-bandpass  interference  filter  and  focus  the  filtered 
light  on  a  silicon  avalanche  diode.  The  diode,  made  by  General  Electric,  is  3.2  mm  in  diameter,  with  a 
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sensitivity  of  3.3  x  10~5  V/W.  The  electrical  signal  from  the  diode  is  amplified  and  passed  through  a 
coaxial  cable  to  a  waveform  processor.  This  coaxial  allows  for  easy  coupling  of  the  lidar  aboard  ship, 
and  the  signal  processor  can  be  located  in  a  protected  shipboard  area  away  from  the  exposed  deck- 
mounted  lidar.  The  lidar  signal  is  displayed,  digitized,  and  averaged  by  a  signal  processor  with  a  range 
resolution  that  can  be  varied  from  1.5  to  15  m.  This  processor  takes  a  few  points  from  each  lidar 
profile  and  gradually  builds  an  average  shape  of  the  lidar  return.  The  speed  of  this  process  depends  on 
the  range  resolution  used,  but  it  typically  requires  a  few  minutes  to  average  1000  measurements  at  each 
range  in  a  512-point  profile. 

EYE  SAFETY 

The  low-power  laser  and  the  broad  transmitted  laser  beam  of  the  NRL  lidar  provide  eye  safety. 
Maximum  permissible  exposure  (MPE)  for  laser  radiation  is  set  by  ANSI  Z136.1  [5].  The  individual 
pulse  energy,  not  the  average  energy,  determines  the  MPE  for  the  NRL  lidar.  For  a  laser  repetition 
rate  of  1  kHz,  with  a  wavelength  of  904  nm,  and  a  Gaussian  laser  pulse  half  width  of  50  ns,  the  MPE  is 

H  -  7.5  x  10~8  J/cm2. 

Assuming  that  the  transmitted  light  uniformly  fills  the  transmitter  objective  lens  with  a  beam 
divergence  of  20  mrad,  the  NRL  lidar  becomes  eye  safe  at  3.8  m.  When  the  lidar  beam  is  viewed  with 
7  x  SO  binoculars,  this  eye  safe  range  increases  to  48  m.  Since  the  laser  beam  may  not  uniformly  fill 
the  transmitting  lens,  the  eye-safe  ranges  are  only  approximate;  nevertheless,  the  results  indicate  the 
eye  safety  potential  for  this  instrument. 

For  remote  lidar  operation,  the  laser  beam  leaving  the  transmitting  lens  should  be  eye  safe. 
Increasing  the  transmitting  objective  lens  diameter  and/or  decreasing  the  laser  power  would  make  this 
beam  safe.  Interlocks  would  also  be  required  to  ensure  that  the  laser  did  not  operate  with  the 
transmitter  case  open. 

RESULTS 

From  data  from  a  4-week  cruise  across  the  Atlantic  (Fig.  3),  measurements  of  cloud  bases  and 
visibility  were  made.  Lidar  data  operate  in  two  modes.  First,  profiles  of  lidar  return  are  taken  vertically 
with  short  time  averages  to  measure  the  height  of  cloud  bases.  A  range  resolution  of  15  m  is  used, 
yielding  useful  data  to  about  2  km.  Second,  the  lidar  is  pointed  horizontally  (as  horizontal  as  possible 
on  a  rolling  ship)  and  lidar  profiles  are  averaged  for  5  min  to  estimate  the  visibility  in  the  surface  layer. 
Here  the  range  resolution  is  1.5  m  and  the  maximum  range  is  about  0.5  km. 

Cloud-Base  Measurements 

Cloud-base  heights  were  estimated  from  the  height  at  which  the  power  return  was  a  local  max¬ 
imum.  Four  hundred  of  these  measurements  were  made  during  the  complete  cruise.  These  heights 
were  observed  for  the  cloud  bases  of  stratus,  scud,  and  ’fair  weather”  cumulus.  The  heights  of  stratus 
cloud  bases  at  the  beginning  and  the  end  of  the  cruise  are  discussed  in  this  section  to  reveal  the  lidar 
capabilities  under  realistic  shipboard  conditions.  Finally,  the  lidar  observations  are  compared  with 
radiosonde  measurements. 

As  USNS  Lynch  left  Charleston,  S.C.,  a' low  formed  off  the  coast  of  Cape  Hatteras  (see  Fig.  4). 
Cold  air  streamed  from  the  coast  out  over  the  ocean.  The  cloud  bases  shown  in  Fig.  5  start  at  about 
600  m  in  Charleston  and  gradually  increase  to  1500  m  as  the  cold  air  is  warmed  by  the  Gulf  Stream. 
Then  the  bases'  heights  decrease  with  the  approach  of  a  rain  storm.  The  total  time  scale  is  36  h,  and 
observations  that  appear  to  be  simultaneous  were  separated  by  at  least  10  min.  The  surface  wind 
speeds  were  above  15  m/s  during  this  period,  and  the  cloud  deck  changed  considerably  in  height  for 
intervals  as  short  as  a  few  minutes.  Although  the  variation  in  cloud  height  was  not  measured  by  other 
instruments,  this  variability  appears  to  reflect  the  actual  cloud  height  variation. 
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11  MAR  TIME  (GMT) /DATE  12  MAR 

Fig.  5  —  The  cloud-base  heights  at  the  beginning  of  the  cruise  are  plotted  here. 

Each  individual  point  represents  an  individual  cloud-height  measurement.  A 
low  formed  off  Cape  Hatteras  (Fig.  4).  The  surface  winds  were  above  15  m/s 
during  this  period  and  were  coming  off  the  land  over  the  sea.  At  first  the  cloud 
bases  increase  in  height  as  the  air  is  warmed  by  the  Gulf  Stream,  then  the 
cloud  bases  decrease  with  an  approaching  rain  storm. 

Figure  6  shows  the  cloud-base  heights  during  a  cold-frontal  passage  in  the  Irish  Sea  near  the  end 
of  the  cruise.  These  measurements  were  made  two  days  after  the  ship  encountered  12-ft  (3.7-m)  seas. 
The  force  of  these  waves  as  they  broke  over  exposed  decks  caused  extensive  damage  to  experimental 
instruments.  Except  for  the  failure  of  the  power  cable,  the  lidar  remained  operational.  The  synoptic 
situation  is  shown  in  Fig.  7.  The  cloud-base  heights  begin  at  300  m,  gradually  increase,  and  reach 
about  1000  m.  The  cloud  base  is  periodically  obscured  by  rain,  allowing  fewer  observations  after  1845 
GMT. 


1830  1700  1738  1800  1631 

TIME  (ZULU) 


Fig.  6  —  Near  the  end  of  the  cruise  a  cold  front  passed  over  the  USNS  Lynch  (Fig.  7).  This  figure 
shows  the  cloud-base  heights  during  this  passage.  The  winds  were  light  at  the  beginning  of  the  cold 
front  passage  but  increased  to  5  m/s  by  the  end. 
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Fig.  7  —  This  weather  map  from  April  16,  1983  at  1200  GMT 
shows  a  cold  front  passage  over  the  Irish  Sea 


Dr.  R.  Helvey  analyzed  temperature  and  humidity  soundings  from  the  cruise  16].  I  estimated  the 
cloud  base  from  these  soundings  to  be  the  height  of  97%  relative  humidity  or  the  height  of  peak  rela¬ 
tive  humidity  (if  less  than  97%).  The  97%  correlation  between  lidar  and  radiosonde  data  is  obvious  in 
Fig.  8.  The  lidar  heights  are  systematically  higher  than  the  radiosonde  heights.  The  exact  reason  for 
this  difference  is  not  apparent,  but  possible  errors  include  lidar  range  calibration  and  extended  cloud 
penetration  by  the  near-infrared  radiation.  This  relatively  small  error  can  be  removed  by  further 
radiosonde  comparisons. 
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Fig.  8  —  The  lidar  and  radiosonde  cloud  base  heights  are  compared. 
Dr  R.  Helvey  provided  the  Temperature  and  relative  humidity 
soundings  from  the  cruise  [6],  The  radiosonde  heights  represent 
those  at  which  the  relative  humidity  reached  97%  or  was  a  maximum 
(if  less  than  97%). 


Visibility  Estimates 

As  range  increases  most  lidars  asymmetrically  approach  a  relatively  simple  lidar  equation  given  by 
Collis  [7],  A  modified  form  of  this  equation  is 

P(*)  r  (180°,  R)  exp  [-2  f*  0,  (*w],  (2) 

where 


R 

is  the  range. 

P(R) 

is  the  power  return, 

E 

is  the  energy  per  pulse, 

Ar 

is  the  receiver  area. 

c 

is  the  speed  of  light, 

f*,(R) 

is  the  scattering  cross  section, 

IP ( 1 80 R) 

is  the  backscatter  phase  function,  and 

/M*) 

is  the  extinction  cross  section  per  unit  volume. 
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At  very  close  range,  the  lidar  pulse  shape  and  receiver  function  strongly  effect  the  lidar  return.  A 
Gaussian  laser  pulse  shape  is  assumed, 

G(R) - —e~as*\  (3) 

rira , 


where  a$  is  the  half  width  of  the  Gaussian  laser  pulse. 

For  most  lidars,  including  both  Lentz’s  and  Warner’s,  the  laser  transmitter  and  receiver  are  paral¬ 
lel  but  separated  by  a  short  distance;  however,  for  the  NRL  lidar,  the  transmitter  and  receiver  are  coax¬ 
ial.  This  unusual  configuration  coupled  with  the  large  beam  divergence  allows  the  transmitted  lidar 
beam  to  enter  the  receiver  field  of  view  after  traveling  only  a  few  meters.  This  distance  is  assumed  to 
be  small  enough  to  allow  the  receiver  junction  to  be  approximated  by  the  step  function 


H  ( R ) 


0,  R  <  a6, 
1,  R  >  a6, 


(4) 


where  a&  is  the  range  at  which  the  transmitted  laser  beam  enters  the  receiver  field  of  view. 


Some  of  the  data  taken  involved  firing  the  lidar  horizontally  and  averaging  for  several  minutes. 
The  atmosphere  is  assumed  to  be  homogeneous: 


P(R) 


(5) 


where  a\  is  the  amplitude  of  the  return  and  a2  is  the  average  attenuation. 


The  power  return  of  the  NRL  lidar  represents  a  convolution  of  laser  pulse  shape  [Eq.  (3)]  with 
the  product  of  the  homogeneous  return  lEq.  (5)]  and  receiver  function  [Eq.  (4)1: 

P  (R  -  a3)  -  f"a'H(R)P{R)G(R-R')dR'  +  a4,  (6) 

where 


P  is  the  model  of  the  actual  lidar  return, 

a3  is  the  range  offset  between  the  data  and  model  results,  and 

a4  is  the  zero  offset  of  the  receiver  amplifier. 

The  model  is  fitted  to  an  averaged  lidar  return  (see  Fig.  9).  The  return  pulse  is  flat  when  the 
oscilloscope  is  saturated.  The  length  of  the  saturation  region  can  be  minimized;  however,  the  accuracy 
of  the  digitation  outside  the  saturation  region  decreases.  The  data  taken  in  the  saturation  region  are  not 
used  by  the  fitting  procedure.  The  model  incorporates  six  parameters  (see  Table  2).  The  half  width  of 
the  laser  pulse  (as)  and  the  closest  range  at  which  the  laser  pulse  enters  the  receiver  field  of  view  (a6) 
are  estimated.  The  remaining  parameters  are  determined  by  a  nonlinear  fitting  subroutine  from  Beving- 
ton  [81.  In  Fig.  10  the  current  through  the  laser  as  a  function  of  time  is  fitted  by  a  Gaussian  that  pro¬ 
vides  an  estimate  of  the  laser  pulse  half  width. 

The  closest  range  of  received  data  is  estimated  both  from  laboratory  and  model  experimentation. 
Lights  are  placed  in  both  the  receiver  and  the  transmitter.  At  a  range  of  15  m  from  the  lidar,  both 
lights  are  seen;  this  range  provides  an  experimental  estimate  of  a6. 
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Fit  Model  to  Observed  Data  by  Minimizing: 
E  -  Z  [w0(R)-WM(R-a3)j2 

Fig.  9  —  An  actual  and  a  model  lidar  return  are  shown.  The  lidar  return 
from  a  homogeneous  atmosphere  is  also  shown.  This  return  is  convoluted 
with  the  laser  pulse  shape  (see  Fig.  10)  to  yield  the  model  lidar  return. 


Table  2  —  Model  Parameters 
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Fig.  10  —  The  laser  pulse  shape  and  a  Gaussian  fit  to  this  shape  are  plotted.  The  vertical 
axis  is  proportional  to  the  current  through  the  laser.  The  Gaussian  fit  is  used  in  the  convo¬ 
lution  model  of  the  lidar  return. 


The  nephelometer  described  in  Ref.  9  measures  the  visibility  at  the  spectral  wavelength  of  the 
lidar.  With  this  value  used  to  fix  the  extinction  in  the  model,  a6  could  be  estimated.  This  fitting  was 
done  for  40  lidar  observations  spread  throughout  the  cruise  period.  For  the  first  attempt,  25  m  about 
the  saturation  region  was  omitted.  Shown  in  Fig.  11  are  the  large  width  of  the  distribution  and  the 
disagreement  of  the  average  location  with  the  experimental  time  with  50  m  about  the  saturation  region 
excluded.  The  results  are  also  shown  on  Fig.  11  and  agree  with  the  experimental  observations.  The 
average  of  this  distribution,  16.6  m,  is  used  in  the  subsequent  data  analysis. 


Visibility  observations  made  by  the  lidar  and  by  the  nephelometer  [9]  are  compared  for  data  taken 
on  the  night  of  March  15/16.  The  period  provides  a  test  of  lidar  operation  in  the  ocean  environment. 
Visibility  is  restricted  by  intermittent  light  drizzle.  The  8-ft  (2.4-m)  waves  follow  the  vessel,  and  ocean 
spray  occasionally  covers  the  lidar.  Scud  clouds  are  observed  by  the  lidar  at  about  450  m.  Visibility  is 
estimated  from  backscatter  by  the  Koshmieder  relationship. 


where 


(7) 


V,  is  the  visibility  and 

/9  represents  both  the  backscatter  and  the  extinction  coefficient. 

The  nephelometer  and  the  lidar  operate  in  the  near  infrared,  and  Eq.  (7)  estimates  visibility  only 
approximately;  however,  the  visibility  is  calculated  in  the  same  way  for  both  devices,  and  the  results 
should  be  comparable. 

Figure  12  shows  the  actual  visibility  comparisons.  The  visibility  is  high  during  this  period  except 
for  two  intervals  with  light  drizzle,  from  0100  to  0300  OMT  and  from  0700  to  1000  GMT.  The 
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Fig.  11  —  The  convolution  model  of  the  lidar  return  has  six  parameters.  One  of 
these  parameters  represents  the  range  at  which  the  transmitted  laser  pulse  is  first  ob¬ 
served  by  the  receiver.  This  parameter,  a6,  is  determined  by  fitting  the  data  for  40 
independent  data  samples  throughout  the  cruise.  The  horizontal  axis  shows  the 
range  increments.  The  vertical  axis  shows  the  number  of  times  a  range  is  observed 
in  the  40  samples.  The  dashed  histograms  show  the  range  distribution  when  25  m 
about  the  saturation  point  of  the  oscilloscope  is  omitted.  This  distribution  is  broad, 
and  the  mean  is  considerable  larger  than  the  experimentally  estimated  value.  A 
second  histogram  of  fitted  values  is  shown  solid  with  SO  m  about  the  saturation 
point  removed.  This  distribution  is  narrower  and  has  a  mean  of  16.6  m.  The  con¬ 
volution  model  uses  the  second  value,  which  is  much  closer  to  the  expected  value. 
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Fig.  12  —  This  figure  compares  the  visibility  measurements  made  by  the  HSS  nephelometer 
(91  and  the  lidar.  These  measurements  were  made  during  a  night  when  intermittent  light  driz¬ 
zle  fell.  The  solid  line  shows  the  measurements  of  the  nephelometer.  Lidar  estimates  from 
the  amplitude  a,  are  dashed,  and  lidar  measurements  from  the  attenuation  a2  are  dotted.  The 
lidar  estimates  are  arbitrarily  scaled  to  fall  on  top  of  the  nephelometer  observations.  These  es¬ 
timates  diverged  from  the  other  measurements  as  rain  drops  collected  on  the  external  lidar 
optics,  changing  the  lidar  constant. 
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nephelometer  data,  although  continuous,  have  been  averaged  into  hourly  segments.  The  S-min  aver¬ 
ages  of  lidar  profiles  were  made  every  IS  min;  hourly  averages  generally  include  four  observations. 
The  lidar  visibility  was  estimated  from  the  amplitude  of  the  return  (ai).  This  parameter  is  proportional 
to  backscatter  and  system  constants.  The  observations  were  arbitrarily  scaled  to  fall  on  top  of  the 
nephelometer  measurements.  This  lidar  visibility  estimate  did  reasonably  well  until  0500  GMT,  when 
rain  drops  collected  on  the  lens  surfaces,  changing  the  system  constants.  An  absolute  measurement  of 
the  visibility  was  also  estimated  from  the  model-generated  extinction  coefficient.  System  constants  do 
not  directly  affect  this  estimate,  and  the  estimate  does  not  need  to  be  scaled.  This  measurement  com¬ 
pares  poorly  during  clear  periods  when  the  lidar  signal  is  small;  but  it  compares  well  during  periods  of 
restricted  visibility  when  the  backscatter  is  stronger.  Between  0700  and  0800  GMT,  one  lidar  observa¬ 
tion  occurred  during  heavier  rain.  When  this  observation  is  excluded,  the  lidar  hourly  average  com¬ 
pares  well  with  the  nephelometer  result.  The  good  agreement  between  lidar  extinction  and  nephelome¬ 
ter  observations  between  0700  and  1000  GMT  is  especially  encouraging,  since  the  rain  drops  were  col¬ 
lecting  on  the  external  lidar  optics. 

CONCLUSIONS 

The  NRL  lidar  has  been  successfully  used  at  sea.  During  the  Atlantic  cruise,  measurements  were 
made  on  26  out  of  28  possible  days.  The  instrument  is  rugged,  eye  safe,  and  simple.  During  a 
moderate  gale,  the  lidar  operated  until  a  board  came  loose  on  the  deck  and  severed  the  power  cable. 
Cloud  heights  can  be  measured  within  and  at  the  top  of  the  maritime  boundary  layer.  The  simple 
model  explained  in  the  Visibility  Estimates  section  allows  average  visibilities  in  the  surface  layer  to  be 
estimated.  The  estimates  are  accurate  during  periods  of  restricted  visibility  below  10  km.  This  type  of 
instrument  can  measure  visibility  and  cloud  base  when  these  observations  are  most  needed  by  the 
Navy. 


Improvements  should  be  made  to  increase  the  sensitivity  and  reduce  the  sky  noise  of  this  lidar, 
but  the  large  optics  are  not  strongly  affected  by  ocean  spray.  Daily  cleaning  of  the  external  optics  sur¬ 
faces  was  done  during  the  cruise.  The  use  of  a  windshield  wiper  and  washer  commonly  used  on  cars 
could  minimize  the  need  for  this  manual  cleaning. 

Two  types  of  lidar  are  mentioned  in  the  Introduction.  Both  types  obviously  merit  further  testing. 
This  testing  should  include  realistic  shipboard  testing.  For  example,  measurements  could  be  taken 
from  a  small  ship  in  the  wintertime  North  Atlantic.  Such  measurements  would  be  useful  for  modeling 
visibility  in  the  maritime  boundary  layer  and  evaluating  both  types  of  lidars. 
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